Adolescent stress exposure is a risk factor for drug abuse, and sex differences contribute to psychostimulant responses. Although many studies have utilized the Wistar rat strain in adolescent stress paradigms, the impact of adolescent stress exposure on addiction-like outcomes has not been rigorously tested in female Wistar rats. In this study, locomotor sensitization was assessed in adolescent and adult female Wistar rats following either chronic stress during adolescence (CAS) or no stress (NS). Adolescent, but not adult, female Wistar rats developed locomotor sensitization to 15 mg/kg cocaine over 5 days of treatment, regardless of stress history. CAS reduced the initial locomotor response to novelty in both adolescent and adult rats compared to NS controls but had no effect on locomotor sensitization to cocaine in adolescents or adult female rats. These studies expand our understanding of age and adolescent stress on cocaine-induced behavioral plasticity in female Wistar rats.
Introduction
Chronic stress is an important risk factor in the development of addiction [1] . Due to the extensive neuronal maturation that occurs during the adolescent period, exposure to stress during adolescence may result in more severe drug abuse outcomes [1] [2] [3] . Rodents have been useful in studying the impact of adolescent stress exposure on the behavioral response to drugs of abuse, but the majority of these studies have focused on males [3, 4] . Given the sex differences observed in the behavioral and molecular response to chronic adolescent stress (CAS) exposure, it is essential to include females in studies examining the interaction between adolescent stress and addictive drugs [5, 6] .
Locomotor sensitization is considered a behavioral representation of drug-induced plasticity, and it is well established that cross-sensitization between stress and drug responses occurs [1] . While previous studies have examined locomotor sensitization to cocaine in adult females, there are far fewer studies that have assessed adolescent female rats, and the majority of these employed the Sprague Dawley or LongEvans strain [7] [8] [9] [10] [11] [12] [13] [14] . By contrast, the Wistar strain has been essential in experiments evaluating the impact of CAS exposure in adolescents [5] , but cocaine sensitization in female Wistar rats has only been evaluated in adults [15] [16] [17] . Because a number of studies report variable sensitization responses in adolescents and adults, assessing the behavioral response to cocaine in adolescent female Wistar rats is important for integrating the adolescent stress, sensitization, and sex differences literature [7, 8] .
Material and methods
Timed-pregnant Wistar rats were purchased from Charles River (Raleigh, NC) and housed on a 12:12 light:dark cycle with food and water available ad libitum. All experiments were performed in an AAALAC approved facility, and experiments were approved by the Institutional Animal Care and Use Committee of Emory University and were conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Litters from timed-pregnant females were culled to 5 female and 3 male (or 6 female and 2 male) pups and weaned on postnatal day (PND) 21 into same-sex pairs. Only females were used for the reported experiments. On PND 35, consistent with the established paradigm [5, 6] , rats in the CAS group were individually housed, while non-stress controls (NS) remained pairhoused. All rats were weighed weekly throughout the study. On PND 38-49, rats in the CAS group were exposed to 12 days of a mixedmodality CAS paradigm as previously described [5, 6] consisted of a pseudorandom alternating schedule of 6 days of social defeat and 6 days of restraint. For each social defeat session, adolescent female Wistar rats were individually placed in the home cage of an ovariectomized female Long-Evans rat (Charles River) for 2 min, separated by a clear plastic barrier that allowed both visual and olfactory cues. The barrier was then removed, and the rats were allowed to physically interact for 5 min. The barrier was then replaced for an additional 25 min before the Wistar rat was returned to its home cage. Each female Long-Evans rat was housed with a male retired breeder Long-Evans rat that was removed prior to each session. This housing arrangement is consistent with previous experiments [5, 6] . For the restraint paradigm, each rat was placed in a clear plastic rodent restraint for 60 min.
Separate groups of rats were used for sensitization testing in adolescence and adulthood. On the day following the final day of the CAS paradigm or during adulthood (PND 92) (Fig. 1) , female rats were habituated to the locomotor chamber (8″ × 17″ inches) for 2 h. Consecutive beam breaks (ambulations) in automated locomotor chambers (8 y-axis beams and 4 x-axis beams separated by 1 and 15/16", San Diego Instruments, La Jolla, CA) were recorded in 5-min bins to assess the locomotor response to novelty. Rats were habituated to locomotor chambers on the second day for 2 h. On the third day and recurring every day for 5 days, rats were habituated to the locomotor chamber for 30-60 min prior to administration of saline or cocaine (15 mg/kg, i.p.), and ambulations were assessed for the following 2 h. In adult rats, an additional cocaine challenge was assessed after 7 days of abstinence (PND 105). One adolescent rat included in novelty testing did not complete the sensitization paradigm and was excluded from sensitization analysis. Estrous cycle was tracked in adult females from PND 85-105. Adolescents were not tracked because they would not exhibit regular estrous cycles at the age of testing [18] . Total ambulations from x and y beams from 5-min bins were summed over the 2-h testing session following cocaine or saline administration. Two-way ANOVA was used to assess statistical significance (α = 0.05). Adjusted p-values from Dunnett's post-hoc multiple comparison tests were used to assess post-hoc differences between days for NS and CAS groups, and a Sidak's test was used to assess differences between CAS and NS groups within bins. GraphPad Prism Version 7.02 was used for all statistical analyses.
Results
We first assessed the impact of CAS on the locomotor response to a novel environment in adolescent females ( Fig. 2A ) and adult females (Fig. 2B) . A history of CAS and bin number significantly interacted to impact locomotor activity in both adolescents (F (23,276) = 2.37, p < 0.001) and adults (F (23,138) = 1.87, p = 0.014), although there was only a trend towards a main effect of CAS history alone (adolescents: F (1,12) = 4.68, p = 0.052; adults: F (1,6) = 2.30, p = 0.18). Posthoc Sidak's multiple comparisons test revealed that CAS reduced initial locomotor activity (i.e. the first 5-min bin) after being placed in the locomotor chamber in adolescents (p < 0.001) and adults (p = 0.008) compared NS controls. As expected, locomotor activity habituated over time in both groups (adolescents: F (23,276) = 61.2, p < 0.001; adults:
We next assessed whether age of testing impacted locomotor sensitization to cocaine. Adolescents sensitized to cocaine across the 5 day regimen (main effect of treatment day, F (4, 20) = 5.74, p = 0.003) (Fig. 3A) , and Dunnett's post-hoc tests revealed that locomotor activity was significantly higher on day 5 compared to day 1 in both NS and CAS exposed rats (NS: p = 0.0094, CAS: p = 0.0162). To confirm that the observed sensitization was due to the pharmacological properties of cocaine rather than sensitization to repeated injections, we repeated the experiment but administered saline instead of cocaine. As expected, there was no effect of testing day on locomotor activity in saline-treated adolescent female rats (F (4, 16) = 0.74, p > 0.05). In contrast to adolescents, adults did not sensitize to cocaine; a significant main effect of test day was observed (F (5,70) = 2.50, p = 0.038), but Dunnett's posthoc testing did not reveal a significant effect on locomotor activity when comparing any two days, including day 4 or day 5 vs. day 1.
Because CAS exposure has been shown to impact behavior in female Wistar rats, we assessed whether a history of CAS exposure altered the Fig. 1 . Timeline for CAS and testing. On PND 35, female CAS rats were isolation-housed, exposed to social defeat and restraint from PND 38-49, and tested for cocaine sensitization from PND 52 to 56 (adolescents) or PND 94 to 98 (adults). Expression of sensitization following abstinence was assessed on PND 105 in adults. Fig. 2 . CAS attenuates novelty-induced locomotion in adolescent and adult female Wistar rats. Locomotor activity following exposure to a novel environment was assessed in adolescent, n = 6-8 (A) and adult, n = 4 (B) female Wistar rats with a history of CAS or NS for 2 h. Locomotor activity was significantly impacted by an interaction between CAS history and bin in both adolescents (A) and adults (B). Data are presented as mean ± SEM. α = 0.05, *denotes significant effect in Sidak's post-hoc test (CAS vs NS). locomotor response to cocaine in both adolescent and adult females. We found no effect of CAS exposure on sensitization in adolescents (F (1, 5) = 0.19, p > 0.05) (Fig. 3A) or adults (F (1,14) = 0.18, p > 0.05) (Fig. 3B) . We also confirmed that there was no effect of CAS history (F (1,4) = 2.55, p > 0.05) on locomotor activity in saline-treated adolescent female rats (Fig. 3A) . Finally, we found no effect of estrous cycle stage on locomotor activity (F (3,91) = 0.42, p > 0.05, Fig. 3C ) in adults pooled across stress group and test day.
Discussion
Here, we report that adolescent female Wistar rats sensitized to 15 mg/kg cocaine across 5 days of testing, but that adult female Wistars did not. While most sensitization studies have employed males, we focused on females given the sex differences observed in the behavioral and molecular response to CAS exposure [5, 6] . In addition to sex, there are 3 important variables that must be considered in sensitization Fig. 3 . Adolescent, but not adult female Wistar rats sensitize to cocaine, with no effect of CAS. Locomotor activity (summed ambulations) was assessed for 2 h following cocaine administration (15 mg/kg/d, i.p., for 5 days) in adolescent, n = 3-4 (A) and adult, n = 8 (B) female Wistar rats or saline (once/day for 5 days) in adolescent females, n = 3 (A). Adolescent rats exhibited enhanced locomotor activity on Day 5 compared to Day 1. Adult rats did not exhibit sensitized locomotor activity (Days 4, 5, or 12 compared to Day 1). Data in (A) and (B) are presented as mean ± SEM. α = 0.05, a significant effect in Dunnett's multiple comparisons post-hoc test compared to Day 1 for the NS group is denoted with^and for the CAS group with *. Estrous cycle was tracked in adult female Wistar rats (C), and locomotor activity (summed ambulations) was graphed by cycle stage (Proestrus (P), Estrus (E), Metestrus (M), Diestrus (D)) pooled across stress group and test day. Estrous cycle stage did not impact locomotor activity (p > 0.05).
Table 1
Summary of studies assessing locomotor sensitization to repeated cocaine administration in adolescent and adult female rats. paradigms: age, strain, and dosing regimen (Table 1) . Studies concerning whether locomotor activity following psychostimulant exposure is higher in adults or adolescents have yielded inconsistent results. Following acute cocaine exposure, some report higher locomotor activity in adults [7, 19] while others find similar activity levels across ages [14] . We observed higher locomotor activity in the adult group, consistent with the work by McDougall et al [19] . In chronic treatment paradigms, adolescent female rats may exhibit locomotor sensitization to cocaine more readily than adult females [7, 8] , although in other studies, adult females have been found to exhibit similar sensitization to adolescents [14] . It is unlikely that a ceiling effect prevented adult sensitization in the current studies because a moderate dose of cocaine was used (15 mg/kg) that is still on the ascending limb of the dose-response curve [20] [21] [22] . It is important to note that the adult rats used in the study by King et al. [7] had previous adolescent exposure to cocaine which is not the case in our current study. Although the mechanisms underlying these age differences are not clear, one possibility is that adolescence is a period of intense synaptic remodeling in the brain, and thus provides a particularly hospitable environment for cocaine-induced plasticity [23] . Although the sample sizes we used in the adolescent sensitization experiment were on the low side compared with some other studies, the results were very consistent and robust, and statistical analysis confirmed that the study was adequately powered to detect significant sensitization in both the CAS and NS groups.
Rat strain also plays a critical role in determining the magnitude of sensitization. Few studies have examined cocaine sensitization in adult Wistar female rats, though sensitization in adult females across other rat strains has been more widely studied. Long-Evans rats may sensitize more readily than Fischer rats [14, 24] . For example, in a five-day (15 mg/kg/d) treatment paradigm, Wiley et al. reported sensitization on days 4 and 5 in adult female Long-Evans rats [14] , while Zhou et al. failed to observe sensitization after five days with a similar regimen in female Fischer rats [24] . Strain-specific changes in dopamine receptor binding [25] and dendritic spine morphology [26] may also contribute to differences in behavioral response to cocaine.
Cocaine dose and length of administration schedules vary considerably between sensitization studies (Table 1) , and in general, higher cocaine doses and more administration days produce greater sensitization. Three previous papers reported sensitization in Wistar females, but all of them used either a higher cocaine dose (e.g. 20-40 mg/kg) [16] or a longer sensitization period (e.g. 8-10 days) [15, 17] than in the current study.
CAS did not impact the locomotor response to acute cocaine (Day 1, NS vs. CAS), or cocaine sensitization in adolescent or adult female Wistar rats. Previous studies have shown that adolescent stress exposure increases cocaine self-administration in male Long-Evans rats [27] and cocaine-induced locomotor activity in male Wistar rats [3] , but a pilot study did not reveal an effect of CAS on cocaine self-administration in female Wistar rats (our unpublished data). These results suggest that the ability of adolescent stress to alter behavioral responses to drugs of abuse may be more potent in males than females, but additional studies are needed to confirm.
While previous work has indicated a facilitating effect of estradiol and an impact of estrous cycle stage on cocaine-induced locomotor activity and sensitization [28, 29] , we did not observe an effect of estrous cycle stage on locomotor activity in our data pooled across day and stress group. Other studies report locomotor sensitization in adult female rats that are normally cycling [30] , and some report that only normal cycling females, rather than females with ovariectomy and estradiol replacement, exhibit locomotor sensitization [15] . Thus, the influence of estrous cycle is unlikely to explain the failure of our adult cohort to exhibit cocaine sensitization.
We also assessed the locomotor response to novelty in adolescent and adult female Wistar rats (Fig. 2) with or without a history of CAS and found that initial exploratory activity (in the first 5-min bin) following exposure to a novel environment was attenuated in both adolescent and adult CAS rats. One study found that males exposed to prenatal stress exhibited an enhanced locomotor response to a novel environment compared to NS controls [31] , while another reported that adolescent female isolation-housed rats traveled an increased distance following exposure to a novel environment compared to pair-housed females [32] . Our finding of reduced exploratory activity suggests a unique effect of the mixed-modality stress paradigm during adolescence, and that isolation housing alone is unlikely to drive the altered initial response to novelty. The reduced locomotor response to novelty in CAS rats was surprisingly long-lasting; we observed a reduction in locomotor activity in adulthood, weeks removed from exposure to the stressors.
Combined with the existing literature, these data demonstrate that careful consideration should be given to age and strain when designing and interpreting the results of cocaine sensitization experiments. In addition, the findings reported here contribute evidence of age-dependent sensitization to the collective understanding of cocaine-induced behavioral plasticity in adolescent and adult female Wistar rats.
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